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Abstract 
Metallic droplets can be attached to solids in slags, resulting in insufficient decantation 
and eventually production losses in several metal producing industries. Experiments and 
previous simulations indicate that interfacial energies play an important role in this 
interaction.  
In the present work, a recently developed phase field model is used to evaluate the 
influence of the morphology and fraction of the solid particles on the attachment 
behaviour of metallic droplets to solid particles. 
When the metallic droplets wet the solid particle partly or fully, the size, shape and 
proximity of the solid particles influence the size and number of attached droplets. The 
perimeter per area only influences the amount of attached metal at high wettability. 
Moreover, the space available around the particle, determined by the shape and 
proximity of other particles, can restrict the amount of attached metal. The simulations 
reveal that, in practice, fewer but larger solid particles close to each other would give rise 
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to less attached metal and thus the chance for metal losses by mechanical entrainment 
decreases.  
Keywords 
Phase field model; metal production droplet losses; particle characteristics; interface 
energy 
1 Introduction 
Solid particles in liquid slags can have a detrimental effect on the phase separation 
between slag and metal phase due to mechanical entrainment of metallic droplets by 
these solid particles. This attachment is encountered in a variety of industries, such as Cu 
smelters [1] and Pb reduction melting furnaces [2]. To understand the fundamental nature 
of the interaction, experimental efforts were recently reported [3]. Possible disadvantages 
of an experimental approach may be that many experiments are needed to investigate 
the influence of all parameters and that it can be inconvenient to reveal the effect of one 
single parameter separately.  
A recently developed phase field model [4], however, can help in the understanding of the 
attachment. The model describes the growth and evolution of liquid metal droplets by 
spinodal decomposition in a liquid with dispersed solid oxide particles. The first 
simulations showed that the interfacial energies play an important role, which is in 
accordance with the obtained experimental results [3]. In our previously reported 
modelling work, the influence of the interfacial energies and initial slag composition on 
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the attachment of metallic droplets to solid particles was investigated. This evaluation was 
performed as a function of time for four different regimes, namely no wettability of the 
metal on the particle, low wettability, high wettability and full wettability. [4] 
In this paper, the model is used to investigate the influence of the size, shape and number 
of solid particles on the behaviour of the liquid metal droplets. The different shapes of the 
particles in the simulations were inspired by experimental observations of mechanical 
entrainment of Cu-droplets in liquid slags. [5] In addition, the simulations will also be used 
to classify and interpret experimental observations of the attachment of metal droplets to 
solid particles in liquid oxides in the PbO-FeO-CaO-SiO2-Cu2O-ZnO-Al2O3 system [5]. 
The model is summarized in section 2, the reader is referred to [4] for more information 
concerning this model. Section 3 introduces the numerical implementation and the 
simulation parameters. The results are presented and discussed in section 4.  
2 Model formulation 
2.1 Variables 
The microstructure of a hypothetical O-M system is described by a non-conserved phase-
field variable φ, used to distinguish between solid (φ = 1) and liquid (φ = 0), and a 
conserved composition field xM, i.e. the local molar fraction of the metallic element. The 
interface between the different phases is diffuse in phase field models: the variables 
continuously change from one bulk value to another bulk value over the interface. Due to 
these diffuse interfaces, the interfaces do not have to be tracked explicitly.  
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The system is assumed to have a constant temperature and pressure and the 
concentration of solute in the precipitate is fixed. The molar volume Vm is the same in 
both phases and does not depend on composition. Convection is not considered and the 
solid particles are assumed to be present before droplet formation. 
2.2 Evolution equations 
Both the evolution of the conserved and the non-conserved variables are governed by the 
minimization of the total Gibbs energy. The evolution of the conserved variable is 
governed by the following mass balance equation 

 	 	 ∙ 	M	 1       !"#$ (1) 
The coefficient M (m
5
/ (J s)) is related to the interdiffusion coefficient D (m²/s) of the 
liquid as %  &'(. !  (J/m) is the gradient energy coefficient for the liquid-liquid 
interfaces.  
The fourth order polynomial   )*+"   ,,.
"  ,," represents 
the homogeneous part of the free energy of the liquid phase. With xeq,LO and xeq,LM the 
equilibrium compositions of the free energy curve of the liquid, in which spinodal 
decomposition takes place, as this free energy describes a miscibility gap between these 
two equilibrium compositions in this compositional region where  
/0
/ 1 0 [6,7].  Here, 
‘LO’ refers to the oxidic liquid (slag) and ‘LM’ to the metallic liquid, respectively. ASp (J/m³) 
is the slope of this free energy curve.  
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Analogously,    )*"   ", represents the bulk contribution of the solid 
phase as a function of composition. Solid phases in oxide systems are often modelled with 
paraboloid Gibbs energies to provide a continuum model formulation of solids described 
as stoichiometric compounds in thermodynamic databases. [8,9] xS and AS (J/m³) are 
model parameters that determine the position of the minimum and the steepness of the 
parabola describing the free energy curve of the solid. The interpolation function h(φ) has 
the form   310  15  6" and is frequently used in solid-liquid systems 
[7,10]. With h(φ = 1) = 1 in the solid and h(φ = 0) = 0 in the liquid.  
The initial uniform supersaturation of the oxidic liquid is represented by xi. To initiate 
spinodal decomposition, fluctuations are required, which is done by adding a random 
noise term, from a normal distribution with mean 0 and standard deviation 0.001, in every 
100
th
 time step.  
The non-conserved phase field variable φ evolves according to the following equation [11] 
6
  7 8986  7:;<  ′     !6"> (2) 
Where W (J/m³) is the depth of the double well function and κφ (J/m) the gradient energy 
coefficient for the solid-liquid interfaces. L is the kinetic coefficient related to the velocity 
at which atoms can hop over an interface. 
2.3 Interface properties 
Two different gradient terms are present in the total energy expression, because two 
types of interfaces are present: solid - liquid and liquid oxide - liquid metal. These gradient 
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free energy terms are responsible for the diffuse character of the interfaces. The concept 
of ‘thin-interface’ phase field models is used: the interfacial width is used as a numerical 
parameter that can be modified for numerical reasons without affecting other system 
properties, such as interfacial energy, diffusion behaviour or bulk thermodynamic 
properties. [7] The width of these diffuse interfaces is defined based on the absolute value 
of the gradient of the variable profile at the middle of the diffuse interface, where the 
profile is the steepest. 
Following the approach of Cahn and Hilliard [12], the expression of the interfacial energy 
(J/m²) of the liquid-liquid interface γLO,LM is: 
?.,  @A B!&',,  ,,.
3
  (3) 
The interfacial energies (J/m²) of the solid-liquid can refer to either solid-liquid oxide 
interfaces or solid-liquid metal interfaces, with the respective interfacial energies γS,LO or 
γS,LM. These interfacial energies are not necessarily equal, but are composed in the same 
way and consist of two contributions, which is especially noteworthy about the previously 
developed model: 
?,.	CD	?,  @3√" B;!6  ?,F (4) 
with k = O or M, when the oxide or the metal liquid is involved, respectively. The first term 
arises following the approach of Allen and Cahn [11] and the second term originates from 
the fact that a solid-liquid interface does not only imply a change in the phase field 
variable φ, but also a variation in the compositional variable xM between the two 
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equilibrium values across the solid-liquid interface. This yields a non-zero gradient term 
for xM. Because this contribution cannot be evaluated analytically, the following 
assumption was made: the composition dependence of the Gibbs energy across the 
interface is approximated by a spinodal function.  
G''H  I.K)L+M)L"   "  ,,F
"
 (5) 
This gives, 
?,F N @A O  ,,FO
3P!0.5&Q'  &Q (6) 
This approximation was validated by measurement of the contact angles in previous 
simulations [4], and the observed values agreed well with the predicted values. 
3 Simulation set-up 
3.1 Constant parameters in this study 
The same parameter values were used as in [4]. These parameters are linked with 
properties in the physical system and the values of these properties are chosen based on 
typical orders of magnitudes for these specific parameters. Several values and 
descriptions of the used parameters are listed in Table 1. 
γLO,LM should be of the order of N/m [13,14] and the interfaces should at least contain five 
grid points. This results in the parameter values mentioned in Table 1 and yields the 
following values of interfacial energy and interfacial widths throughout all simulations: 
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lLO,LM = 8.0687 grid points (or 1.02 nm), γLO,LM = 0.9030 N/m and lS,LO = lS,LM = 7.9057 grid 
points (or 1 nm). M is chosen in such a way that the diffusion coefficient D = 4 10
-11 
m²/s. 
3.2 Variable parameters in this study 
The reference system has a system size of [256 256 1] grid points (or [32.38 32.38 0.13] 
nm), with a slag with initial supersaturation of xi = 0.63, unless stated otherwise. As 
illustrated by equations (3) and (4), xS can be used as a parameter to adapt the interfacial 
energy. Thus, for a given γLO,LM, the contact angle (as defined by Young’s equation: 
?,.  ?,  ?., cos U) is determined by the xS-value. Previous results illustrate the 
existence of four different wettability regimes: no wettability of the metal on the particle, 
low wettability, high wettability and full wetting. [4] In this study, the effect of the particle 
density, particle perimeter and particle shape were investigated in two regimes: low 
wettability (xS = 0.60; γS,LO = 1.2641; γS,LM = 2.0260; γLO,LM = 0.903; θ = 147.5°) and high 
wettability (xS = 0.80; γS,LO = 1.6318; γS,LM = 1.3325 ; γLO,LM = 0.903; θ = 70.6°). The reference 
simulation time is 10
6
 time steps.  
3.2.1 Effect of particle density 
Observed dimensions [3] of solid particles in slags are of the order of µm. The particle size 
of a single large rectangular particle is [100 50] grid points, corresponding to [12.65 6.32] 
µm.  
By changing the system size, two particle densities were considered. In reality, large 
variations are found (from 2-6 wt% [15] to 25 wt% [3]) and the conditions of the slag 
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production play a very important role. For a system size of [256 256 1], the particle 
volume fraction is 0.0763. The particle volume fraction corresponding to a system size of 
[512 512 1] is 0.0191.  
3.2.2 Effect of perimeter/area 
Several length/width ratios (summarized in Table 2) are used to investigate the influence 
of the perimeter per area, while the area of the particle remains constant and has a value 
of 2400 grid points, which corresponds to a particle volume fraction of 0.0366.  
3.2.3 Effect of particle shape, size and distribution 
The shape, the orientation and the distance between the solids are also investigated, 
while maintaining an approximately constant area and thus volume fraction of solids. The 
different particle characteristics are given in Table 3. 
3.3 Initialisation 
The variables have sharp steps at the interfaces in the beginning of a simulation. The 
particle is assumed to not react in these simulations, requiring a very small value of L, but 
a larger value of L is used during the first 1000 time steps, allowing the interface to 
become diffuse (Table 1).  
It is not known whether spinodal decomposition is the real mechanism of formation for 
the metal droplets in slags. But the spinodal decomposition used in this model, easily 
supplies metallic droplets in the initial microstructure. This is why only the growth of the 
droplets in the simulations can be interpreted physically. 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
   
 
10 
 
3.4 Numerical implementation 
The evolution of the variables, as described by the kinetic equations, is calculated using 
the semi-implicit Fourier spectral method [16]. Matlab [17] was used for the calculations. 
Typical computation times on an Intel® Core™ i7-3610QM CPU @ 2.30GHz processor with 
8Gb RAM ranged from 2h to 4h for a system size of [256 256 1] and a simulation time of 
10
6
 time steps and from 10h to 13h for a system size of [512 512 1] and a simulation time 
of 10
6
 time steps. 
3.5 Post-processing 
Results are given as the total area of metallic phase attached to the particles and the 
fraction of metallic phase attached. A metal droplet is defined as the connected domain 
where xM - φ xS is larger than 0.71 and the particle where 0.5 < φ. A droplet was assigned 
to be ‘attached’ to the particle when overlap occurred between the with 2 grid point 
layers enlarged droplet and the particle which was enlarged with 3 grid point layers. The 
total area of the attached droplets (the number of grid points attributed to be a droplet 
multiplied by Δx²) is determined as well as the fraction of attached metal (defined as the 
ratio of the total area of the attached droplets to the total area of metal droplets in the 
system). In addition, to show the evolution of the microstructure, contour plots of xM = 
0.71 are considered at several time steps. The legend of these plots is summarized in 
Figure 1. 
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3.6 Accuracy 
The spread on the results was determined previously [4] by repeating several simulations 
(xi = 0.63; xS = 0.60 and 0.80 in a system with size [256 256 1]) four times. The average 
values and standard deviations of these simulations can be found in Table 4. 
Previous results [4] also illustrated that coincidence and time can play a significant role in 
the outcome of the simulations for this specific simulation time which was chosen 
somewhat arbitrarily to be 10
6
. This fact was taken into account when interpreting the 
results of the simulations.  
4 Results and discussion 
4.1 Effect of particle density 
By changing the system size, the influence of the particle density is investigated. The 
results for system sizes of [256 256 1] and [512 512 1] for one xi,xS-combination are 
compared in Figure 2. By enlarging the system size, the interaction radius of the particle 
was also investigated. Moreover, peripheral effects may occur in a too small system.  
Generally, the resulting microstructures are qualitatively the same for both system sizes 
(whether attachment occurs or not and as droplets or a layer). A few minor differences 
can be present, because a larger system requires the metallic component to diffuse over 
longer distances. Thus, a longer simulation time for the larger system yields the same 
results (attachment of droplets to the particle) as the reference simulation time in the 
smaller system. The influence of the particle density is illustrated in Figure 3. 
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By increasing the system size (and decreasing the particle fraction in the system), more 
metal is present in the system, resulting in a larger amount of metal attached to the solid 
for most cases. Due to the larger diffusion distance, however, the fraction attached metal 
is lower in the larger systems.  
4.2 Effect of perimeter/area  
The influence of the perimeter per area on the attachment of the metal is investigated by 
changing the aspect ratio of a rectangular particle on the one hand, of which the results 
are depicted in Figure 4, and by changing the particle shape on the other hand, of which 
the results are shown at the end of this section. All these simulations were performed for 
an initial supersaturation of xi = 0.63 and compositions of the solid particle of xS = 0.60 (θ = 
147.5°, corresponding to low wettability) and of xS = 0.80 (θ = 70.6°, corresponding to high 
wettability) in a system of size [256 256 1]. 
It is expected that a larger perimeter per area results in a larger amount of attached 
metal. This sequence is, however, only obtained at high wettability, i.e. the open symbols 
(xS = 0.80) show the expected relation, whereas the closed symbols (xS = 0.60) are 
scattered. Thus, the perimeter per area influences the amount of attached metal in the 
case of high wettability. For low wettability, no effect of the perimeter per area was 
observed, as the particle’s surface is expected to be covered by liquid oxide rather than 
metal, thus the perimeter per area of the particle has no significant influence and the 
amount of attached metal is predominantly determined by the statistical spread. For high 
wettability, on the contrary, the particle’s surface is covered  by the metal droplet and 
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thus the perimeter per area has a large influence on the amount of attached metal. 
Contour plots of two different aspect ratios for low and high wettability are shown in 
Figure 5.  
From these contour plots it becomes clear why the higher perimeter per area results in 
more attached metal in the case of high wettability. A lower perimeter per area 
corresponds (for rectangles) to an almost equal height and width of the particle. This 
shape is closer to a sphere than the stretched particles with a high perimeter value. 
Because the shape is ‘less spherical’, more metal is required to achieve the energetically 
preferred spherical shape of a droplet. 
The variation of the perimeter per area by changing the shape of the particles as 
described in Table 3 is shown in Figure 6. Several simulations were carried out for the 
smaller particles: far versus close and with different orientations relative to each other. To 
evaluate the influence of the perimeter per area, the average within one perimeter per 
area value was calculated and plotted for the same shape and wetting behaviour. These 
average values are labelled as ‘Mean’. The legend gives information on the greyscales of 
the data points and the symbols indicate the shape of the particles used. 
In all cases, the difference between low and high wettability is small and again, the 
sequence found in the graph is not the expected one for low wettability. This time, 
however, the sequence was also not so obvious for high wettability. This might find its 
origin in the influence of the particle shape.  
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4.3 Effect of particle shape and distribution  
Besides the influence of the shape of the particles on the attachment of the metal, of 
which the results are shown in Figure 6, the influence of the distribution of the particles is 
also investigated. All simulations were performed for an initial supersaturation of xi = 0.63 
and compositions of the solid particle of xS = 0.60 (θ = 147.5°, corresponding to low 
wettability) and of xS = 0.80 (θ = 70.6°, corresponding to high wettability) in a system of 
size of [256 256 1].  
The influence of the particle shape is not clear from the results in Figure 6 as no significant 
differences for the different shapes were found. Nevertheless, it is very clear that several 
small particles yield more attached metal than one large particle, as dividing one large 
particle in 4 small ones conserves the area of the particle but nearly doubles the 
perimeter. 
Figure 6 mentions the experimentally relevant case of the cavity with a channel (which 
connects the outside matrix with the inside of the cavity). This is an approximation of real 
observations, as indicated in Figure 7 by the white circles.  
The contour plots of the droplets in Figure 8 illustrate the results of such a particle with a 
cavity and a channel. 
In the case of high wettability (xS = 0.80) the droplet grows in the cavity and the cavity 
restricts further growth of the droplet, which is usually the case for high wettability (cfr. 
section 4.2). Thus the cavity limits the amount of attached metal even though it provides 
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the particle with a large perimeter/area ratio. Therefore, the amount of attached metal is 
relatively low (one of the lowest open symbols) for such a large perimeter/area ratio in 
the case of high wettability. Therefore, an important conclusion is that not only the 
perimeter per area, but also the space available for the droplet to grow is important. 
In contrast, for low wettability (xS = 0.60), the amount of attached metal is not one of the 
lowest. If a droplet is formed inside the cavity, it is either trapped there or it dissolves 
again and the amount of attached metal is only slightly lower for such a large 
perimeter/area. A comparison with the experimental micrograph in Figure 7 indicates that 
the corresponding system correlates best with the low wettability case, due to the 
spherical shape of the droplets.  
Figure 9 displays the influence of the proximity of the particles and their relative 
orientations. The legend gives information on the greyscales used in the data points, 
whereas the symbols indicate the shape of the particles used. Note that the small 
rectangles always yield the same total perimeter of 584, but for the sake of visibility, the 
differently oriented rectangles were plotted at a perimeter/area equal to 0.12. 
The results indicate that the amount of attached metal is mostly larger for particles that 
are farther apart than for particles close together. This effect is largest for low wettability, 
but as the perimeter per area increases, the effect decreases. Qualitative contour plots at 
different time steps in the simulations can be found in Figure 10.  
When the particles are located close together, the metal is mostly located on the side of 
the particles not oriented to the other particles. This is very clear in the xS = 0.80-case, as 
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particles far apart are completely covered by metal, but the particles close together have 
at least one free edge (always the smallest edge, even when the particles are oriented 
differently). This change in shape of the metallic droplet does not have a large influence 
on the final total amount of attached metal (cfr. Figure 9). 
Experimentally, one metallic droplet is sometimes observed to have several small solid 
particles attached to it, as shown in Figure 11. This is only visible in the simulations of low 
wettability, indicating again that the experimental system corresponds most to the low 
wettability case. A possible explanation for this is that the high wettability regime favours 
complete wetting of the particles and hence pulls all the metal away from in between the 
particles, not leaving any metal to share with another particle. In the case of low 
wettability the metal does not predominantly cover the particle, which leaves room to 
share a droplet with another particle. 
At the moment, the model does not include anisotropy in the interfacial energy, thus any 
effect of the different orientation at the moment can be attributed to a slight change in 
distance between the particles. Different orientations of the solid particles did not yield a 
clear influence of the orientation, as could be expected from the absence of anisotropy in 
the model.  
5 Conclusions 
This study investigates the influences of the particle morphology on the attachment of 
liquid metal droplets to solid particles in liquid slags with a phase field model. The 
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particles do not react with the liquid in which spinodal decomposition takes place. The 
effect of the particle density, perimeter, shape and distribution was studied.  
As the fraction of solid particles in the system decreases, a lower fraction of the metal is 
attached to the solids. In the case of low wettability, the amount of attached metal does 
not increase with an increasing perimeter per area, even though the number of available 
positions for the metal increases. For high wettability, the expected increase in attached 
metal for an increasing perimeter per area is observed.  
The shape of the particles was also varied. Unfortunately, no clear trends were discovered 
regarding the shape of the particles. Nevertheless, it became clear that several small 
particles yield more attached metal than one large particle.  
The distance between the particles slightly influences the amount of metal attached, as 
the metallic droplets do orient themselves away from the other solid particles when these 
are too close to one another. Moreover, some of the simulations with particles with 
cavities confirmed that not only the perimeter per area, but also the available space for 
the droplet to grow is an important factor. 
Comparison of experimental results for a PbO-FeO-CaO-SiO2-Cu2O-ZnO-Al2O3 system [5] 
with the simulations, indicates that this system corresponds to the low wettability case. 
Attached metal cannot settle in practice, which yields losses of valuable metals in various 
industries. In summary, this study indicates that a decrease in the chance for metal losses 
by mechanical entrainment would result from fewer, but larger solid particles located 
closely together. 
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In this study, the solid particles and metallic droplets interact through differences in 
interfacial energies between the various phases, but the attachment is also believed to 
partly originate from redox reactions between the metal, the slag and the solid particles 
[18,19]. Therefore, future investigations will ultimately result in including the occurrence 
of redox reactions in the systems.  
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Figure 10 Contour plots of xM=0.71 at different times in the simulations to illustrate the 
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Figure 11 Experimentally obtained micrographs of one Cu droplet with several spinel 
particles attached to it, indicated by white circles. These optical micrographs were 
obtained from optical microscopy on a quenched sample after smelting down all 
components in a PbO-FeO-CaO-SiO2-Cu2O-ZnO-Al2O3 system at 1200°C [5] 
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Figure 1 Legend corresponding to the contour plots of xM=0.71 at different time steps during 
the simulation (the last time step is plotted with a bold black line) 
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Figure 2 Contour plots of xM=0.71 at different times in the simulations to illustrate the influence 
of the particle density (by variation of the system size) for xi=0.61 and xS=0.80 
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Figure 3 Influence of the particle density on the area and the fraction of the metallic phase 
attached to the solid by changing the system size ([256 256 1] or [512 512 1]) for xi =0.61; 0.63 
and 0.65 and xS = 0.40 (θ=/); 0.60 (θ=147.5°) and 0.80 (θ=70.6°) 
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Figure 4 Influence of the perimeter/area of a rectangular particle on the area and the fraction 
of the metallic phase attached to the solid for xi =0.63 and xS =0.60 (θ=147.5°) or xS =0.80 
(θ=70.6°); The aspect ratios of the rectangles are mentioned as labels of the closed data points; 
the error bars with the large (small) base correspond to the standard deviation for xS =0.80 
(0.60) or the open (closed) symbols 
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Figure 5 Contour plots of xM=0.71 at different times in the simulations to illustrate the influence 
of the perimeter per area of the particles (by varying the aspect ratio) on the attachment of the 
droplets to the particle in low (xS =0.60) and high (xS =0.80) wettability regimes 
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Figure 6 Influence of perimeter/area of the particle by variation of its shape on the area and the 
fraction of the metallic phase attached to a solid with xS = 0.60 and xS =0.80. The legend gives 
information on the greyscales used in the data points, whereas the symbols indicate the shape 
of the particles used. the error bars with the large (small) base correspond to the standard 
deviation for xS =0.80 (0.60) or the open (closed) symbols 
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Figure 7 Experimentally obtained micrographs of Cu droplets within a cavity inside a solid 
particle indicated by white circles. These micrographs were obtained with scanning electron 
microscopy on a quenched sample after smelting down all components in a PbO-FeO-CaO-SiO2-
Cu2O-ZnO-Al2O3 system at 1200°C [5] 
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Figure 8 Contour plots of xM=0.71 at different times in the simulations to investigate a cavity 
and a channel in a particle as an approximation of the experimentally observed particle in 
Figure 7 in low (xS = 0.60) and high (xS = 0.80) wettability regimes 
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Figure 9 Influence of proximity and relative orientations between the different small particles 
on the area and the fraction of the metallic phase attached to a solid with xS =0.60 and xS =0.80. 
The legend gives information on the greyscales used in the data points, whereas the symbols 
indicate the shape of the particles used. the error bars with the large (small) base correspond to 
the standard deviation for xS =0.80 (0.60) or the open (closed) symbols 
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Figure 10 Contour plots of xM=0.71 at different times in the simulations to illustrate the 
influence of proximity and relative orientation between the different small particles on the 
attachment of the metallic phase to a solid with xS =0.60 (the two rows on top) and xS =0.80 
(the two rows at the bottom) at xi=0.63 
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Figure 11 Experimentally obtained micrographs of one Cu droplet with several spinel particles 
attached to it, indicated by white circles. These optical micrographs were obtained from optical 
microscopy on a quenched sample after smelting down all components in a PbO-FeO-CaO-SiO2-
Cu2O-ZnO-Al2O3 system at 1200°C [5] 
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Table 1 Values and descriptions of several constant parameters in the model 
 
Model parameters 
Symbol Description Value(s) 
N System size [256 256 1] grid points 
Δx Grid spacing (4 ⁄√10) 10-7 m 
Δt Time steps spacing 10
-4
 s 
xeq,LO 
Oxidic equilibrium composition of free energy curve of spinodal 
decomposition 
0.50 
xeq,LM 
Metallic equilibrium composition of free energy curve of spinodal 
decomposition 
0.98 
ASp Steepness of free energy curve of spinodal decomposition 4 10
8
 J/m³ 
AS Steepness of free energy curve of solid 20 10
8
 J/m³ 
W Depth of the double well function 15 10
6
 J/m³ 
  Gradient energy coefficient for the solid-liquid interfaces (15/8) 10
6
 J/m 
L Kinetic coefficient for the evolution of  10-30 m³/(J s) 
Linitial Kinetic coefficient for the evolution of  for the first 1000 time steps 10
-7
 m³/(J s) 
  Gradient energy coefficient for the liquid-liquid interfaces 6 10
-6
 J/m 
M Mobility coefficient of the metal 10
-19
 m
5
/(J s) 
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Table 2 Variation of the length/width ratio of a rectangular particle and the corresponding 
variation in perimeter while maintaining a constant area 
 
Length (grid points) Width (grid points) Area (A) (grid points ²)  Circumference (P) (grid points) 
50 48 2400 192 
60 40 2400 196 
80 30 2400 216 
160 15 2400 346 
 
Table(s)
Table 3 Description of variations in particle characteristics (size and shape) and the 
corresponding variations in perimeter and area 
Description Orientation 
Area (A)  
(grid points ²) 
Circumference (P) 
(grid points) 
1 large rectangle Vertically 5000 296 
4 small 
rectangles 
- Far apart 
- Close together 
- 2 horizontal and 2 vertical, far apart 
- 2 horizontal and 2 vertical, close together 
5000 584 
1 large triangle Point upwards 4900 276 
4 small triangles 
- Far apart 
- Close together 
4900 544 
1 large hexagon 2 sides horizontally 5001 208 
4 small hexagons 
- Far apart 
- Close together 
4972 416 
Experimentally 
relevant particle 
Cavity with channel 5000 492 
 
Table(s)
Table 4 Average values and standard deviations in the fraction metallic phase in the system, the 
area of metal attached to the solid and the fraction of metal attached to the solid for the results 
at the last time step of 4 simulations for two xS -values for xi=0.63 
 xS = 0.60 xS = 0.80 
Fraction metallic phase in the system 0.263±0.0003 0.268±0.0003 
Area of metal attached to solid 1.19 10
-10 
± 1.07 10
-11
 2.33 10
-10
 ± 3.95 10
-12
 
Fraction of metal attached to solid 0.466±0.042 0.898±0.014 
 
Table(s)
Influence 
 
 
 
 
 
Metal droplet 
Liquid slag 
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solid particle 
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 or  
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